Background
Methods
Five databases were searched for randomized controlled trials (RCTs). The study population was patients with a PVH or IH undergoing hernia repair. Intervention was placement of a nonabsorbable synthetic mesh, regardless of mesh location, surgical technique, hernia characteristics or surgical setting compared to primary suture. Primary outcome was the incidence of hernia recurrence. Secondary outcomes were wound infection, hematoma, seroma, postsurgical pain, duration of operation, and quality of life. A random-effects metaanalysis with trial sequential analysis (TSA) was used.
Results
10 RCTs with a total of 1270 patients were included. A significant reduction of the incidence of PVH or IH recurrence using a mesh for repair (risk ratio [RR] 0.39, 95% CI 0.27-0.55; P < 0.00001; I 2 = 20%) was observed. TSA for recurrence, the accrued information size (1270) was 312% of the estimated required information size (RIS). Subgroup analysis for PVH and IH confirms reduction of recurrence after using a mesh in both groups. Overall postoperative complications did not show statistically significant differences between the mesh and surgical suture groups (RR 1.31, 95% CI 0.94-1.84; P = 0.12; I 2 = 27%) but the 
Introduction
Incisional hernias (IH) are mostly repaired by placement of a prosthetic synthetic mesh as compared to simple suturing [1] . Repair methods for primary ventral hernias (PVH) are variable (i.e. mesh or suture) [2] . Data of European registries show that 80-90% of materials used for hernia repair are nonabsorbable synthetic meshes [2] . Other national registries of incisional hernia repair provide similar data and 95% of meshes used for this purpose are of the same nature [3] . Decisions of using a nonabsorbable synthetic mesh versus simple suture can be based on personal experience, analysis of results from observational studies (i.e. data registries), and randomized trials (i.e. randomized controlled trials [RCTs] ). The analysis of registries with long-term follow-up data shows that the use of a mesh as compared with primary suture appears to reduce hernia recurrence, but the number of complications (seroma, infection, etc.) may be increased [4] . Recent results of systematic reviews and meta-analyses of RCTs concluded that the use of a nonabsorbable synthetic mesh for the surgical repair of PVH or IH reduces the number of recurrences [5, 6] . These benefits, however, are also associated with a higher incidence of complications, such as seroma or surgical site infection [5] and seem to be associated with a risk of chronic postsurgical pain [6] .
Although data provided by registries and meta-analyses are necessary for decision-making, the interpretation and generalizability of results may be difficult. Registries are limited by the observational nature of data [4] , and meta-analysis although placed at the top of the evidence pyramid [7] , may not be statistically reliable because of false positive results (type I error) or overestimation of the effect of treatment due to systematic errors (bias) or random errors related to repeated measurements [8] . Trial sequential analysis (TSA) controls the risk for type I errors and helps to clarify whether additional trials are needed [9] . However, TSA methodology is not frequently used in the design of meta-analyses and some authors recommend the systematic use of TSA to determine whether a firm and solid evidence can be obtained [8, 9] .
The objective of the present study was to perform a meta-analysis with TSA of randomized clinical trials to assess the efficacy and postoperative complications of placement of a nonabsorbable synthetic mesh versus simple suture in the surgical repair of abdominal wall defects (i.e. PVH or IH).
Methods
The study protocol for this meta-analysis and TSA was conceived, approved and developed by members of the Department of General Surgery of Hospital Universitari Vall d'Hebron (Barcelona, Spain). This meta-analysis was carried out according to the predefined methodological criteria outlined in the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) statement [10] .
Systematic literature search
We conducted a systematic literature search of MEDLINE (PubMed), SCOPUS, CINAHL, WOK (Web of Knowledge), and Google Scholar. Search strategy was based on combinations of Medical Subject Heading (MeSH) terms and text words for each database, as shown in Box 1 for Medline. The search was limited to randomized controlled trials (RCTs). No publication date restrictions before November 2016 were applied. We included studies published in English, French, German, and Spanish languages. The reference lists of all retrieved studies were cross-checked for additional reports. The literature search was performed independently by two authors (M L-C and LA M-D). Any discrepancies between the two reviewers were discussed with a third reviewer (J G-A) and solved by consensus.
Study selection and data extraction
We established the inclusion criteria for study selection according to the PICOS approach. The population consisted of patients with a PVH or IH undergoing hernia repair. The intervention consisted of placement of a nonabsorbable synthetic mesh, regardless of mesh location, surgical technique, hernia characteristics or surgical setting compared to primary suture of the PVH or IH without mesh.
Primary outcome was the incidence of hernia recurrence diagnosed on clinical grounds by physical exam or radiological evaluation (computed tomography [CT] scan or ultrasonography). Secondary outcomes were short run complications as wound infection, hematoma and seroma. Postsurgical pain, length of operation for each type of surgical procedure, and healthrelated quality of life.
Two authors (M L-C and LA M-D) independently extracted data from the included trials. Any divergences during the data extraction phase were resolved through discussion with a third investigator (JM G-A).
An ad hoc data collection form with the items evaluated was used. For duplicate data reported by the same author(s), the study with the longest follow-up was selected. The randomization method and blind assessment of results according the criteria of Cochrane Box 1. Search strategy for the Medline database ((((((((""Hernia, Incisional"" OR ""Hernias, Incisional"" OR ""Incisional Hernias"" OR ""Postoperative Hernia"" OR ""Hernia, Postoperative"" OR ""Hernias, Postoperative"" OR ""Postoperative Hernias"") AND ((Meta Collaboration's tool [11] were used to assess the risk of bias (quality) of included studies in the review. If randomization method and blind assessment were not stated, the study was considerer of low quality.
Statistical analysis
A meta-analysis pooling the results from PVH and IH for the primary outcome was performed. Additionally, pooled postoperative complications were meta-analyzed in separate and also grouped to estimate the overall effect of complication events.
Sensitive analysis within subgroups (i.e. PVH and IH) for recurrence and postoperative complications (separate and grouped) was planned. Meta-analysis that combine other subgroups (mesh location, hernia characteristics or surgical setting) and meta-analysis combining high quality studies only were also planned.
A random-effects model was used and because data were sparse (number of events and study size) a Mantel-Haenszel statistical method was selected [12] . Groups with zero events were adjusted with a constant continuity adjustment of 0.5 in each arm (as per default adjustment in the RevMan 5.3 software) [13] . All outcomes were expressed as risk ratios (RRs) with 95% confidence interval (CIs). Heterogeneity in the included studies was evaluated using I 2 statistic, with I 2 values of 25%, 25-50%, and > 50% corresponding to small, moderate, and high heterogeneity, respectively [14] . P values were also calculated. The Review Manager 5.3 software (Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2013) was used for analysis. Sequential multiplicity (repeated updates) and sparse data increased the risk of type I error and to control this we performed a TSA [9] . TSA combines an estimate of required information size (RIS) for meta-analysis with monitoring boundaries used as thresholds for statistical significance. The less data accumulated, the more conservative was the TSA boundaries, making it less likely to declare statistical significance before the RIS has been reached. Similar to a sample size calculation for a single trial, estimating RIS involves a calculation that includes type I error, type II error, the control event rate (CER-baseline risk), and the effect size (relative risk reduction-RRR). The calculation of RIS also requires an estimate of heterogeneity. For the present analysis, we estimated the RIS using the following assumptions: 0.05 for type I error and 0.20 for type II error. The CER was calculated in all meta-analyses as the median of the proportion of events in the control group (non-mesh group). The effect size (RRR) estimated from the included studies was used to estimate the RIS. We used the I 2 present in the included trials as the estimate for heterogeneity. The TSA can be interpreted by viewing the boundaries and whether the cumulative meta-analysis has crossed them. TSA was performed using the TSA software v0.9 (www.uct.dk/tsa/index.html).
Results
Database searching identified 542 articles, 520 of which were excluded after screened by title and abstract. The resulting 22 articles were read in full and assessed for eligibility excluding 11 articles because they did not meet the inclusion criteria. Of the remaining 11 articles [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , the study of Luijendijk et al. [16] was excluded because of duplicate data of the same authors, and the article with the longest follow-up was selected [19] . Finally, we included 10 RCTs with a total of 1270 patients [15, [17] [18] [19] [20] [21] [22] [23] [24] [25] (Fig 1) . The characteristics of the included studies, type of hernia, surgical technique (hernioplasty, herniorrhaphy), follow-up, and use of antibiotic prophylaxis are shown in Table 1 . After risk of bias assessment six studies were considerer of high quality [17, 18, [22] [23] [24] [25] and four of low quality [15, [19] [20] [21] . Risk of bias assessments as percentages across all included studies are also presented in Fig 2. The meta-analysis for the primary outcome (incidence of PVH and IH recurrence) included all 10 RCTs [15, [17] [18] [19] [20] [21] [22] [23] [24] [25] and showed a significant reduction of the incidence of hernia recurrence using a prosthetic mesh for hernia repair (RR 0.39, 95% CI 0.27-0.55; P < 0.00001; I 2 = 20%) (Fig 3) .
The results of meta-analysis for secondary outcomes were as follows: for wound infection reported in 9 trials [15, [17] [18] [19] [20] [21] [22] [23] 25] , no statistically significant differences between groups (mesh vs. primary suture) were found (RR 1.26, 95% CI 0.83-1.91; P = 0.28; I 2 = 0). For postoperative hematoma, the meta-analysis of 7 trials [15, [17] [18] [19] [20] 21, 25] showed no statistically significant differences between groups (RR 0.58, IC 95% 0.24-1.37; P = 0.21; I 2 = 21%). For development of a seroma, the meta-analysis of 7 trials [15, 17, 18, [20] [21] [22] 25] showed a significant reduction of the incidence of seroma using sutures (RR 2.44, 95% CI 1.43-4.14; P < 0.001; I 2 = 0). The metaanalysis of overall postoperative events grouped as wound infection, hematoma, and seroma including 9 trials [15, [17] [18] [19] [20] [21] [22] [23] 25] , did not show statistically significant differences between the mesh and surgical suture groups (RR 1.31, 95% CI 0.94-1.84; P = 0.12; I 2 = 27%) (Fig 3) .
Subgroup analysis for recurrence in PVH included 5 RCTs [17, 20, 22, 23, 25] and showed a significant reduction of the incidence of hernia recurrence using a prosthetic mesh for hernia Hernia mesh benefits and complications: Meta-analysis and trial sequential analysis repair (RR 0.13, 95% CI 0.04-0.39; P = 0.0003; I 2 = 0%) (Fig 3) . The results for secondary outcomes in PVH subgroup showed no statistical differences in complications, both separately (Infection: RR 0.69 (0.33-1.49), P = 0.34; I 2 = 0%, 5 studies included [17, 20, 22, 23, 25] ; Hematoma: RR 0.42 (0.11-1.64), P = 0.21; I 2 = 0%, 3 studies included [17, 20, 25] ; Seroma: RR 1.66 (0.63-4.36); P = 0.30; I 2 = 0%, 4 studies included [17, 20, 22, 25] ) or combined (RR 0.82 (0.49-1.37), P = 0.44; I 2 = 0%, 5 studies included [17, 20, 22, 23, 25] ) (Fig 3) .
Subgroup analysis for recurrence in IH included 5 RCTs [15, 18, 19, 21, 24] and showed a significant reduction of the incidence of hernia recurrence using a prosthetic mesh for hernia repair (RR 0.44, 95% CI 0.31-0.62; P < 0.00001; I 2 = 26%) (Fig 3) . Analysis of complications in the IH subgroup showed no differences between groups regarding infection (RR 1.62, 95% Effect of placement of a mesh for a) prevention of the incidence of PVH and IH recurrence; b) PVH and IH incidence of grouped complication events (wound infection, hematoma, and seroma); c) prevention of the incidence of PVH recurrence; d) PVH incidence of grouped complication events (wound infection, hematoma, and seroma); e) prevention of the incidence of IH recurrence; f) IH incidence of grouped complication events (wound infection, hematoma, and seroma) g) prevention of the incidence of PVH and IH recurrence for high quality studies only; h) PVH and IH incidence of grouped complication events (wound infection, hematoma, and seroma) for high quality studies only. (Fig 3) .
Subgroup analysis for the primary outcome (incidence of PVH and IH recurrence) of high quality studies included 6 RCTs [17, 18, [22] [23] [24] [25] showed a significant reduction of the incidence of hernia recurrence using a prosthetic mesh for hernia repair (RR 0.31, 95% CI 0.19-0.48; P = 0.00001; I 2 = 0%), with a similar size of the effect that when all studies (i.e. high and low quality) are included. (Fig 3) . Subgroup analysis of overall postoperative events grouped as wound infection, hematoma, and seroma including 5 trials of high quality [17, 18, 22, 23, 25] showed no statistical differences in combined complications (RR 0.98, 95% CI 0.54-1.77; P = 0.94; I 2 = 24%) (Fig 3) .
The incidence of postsurgical pain, duration of operation for each type of surgical procedure, quality of life was not analyzed because of the lack of information regarding these variables. Also, mesh location, hernia characteristics or surgical setting was not analyzed because of the lack of information or were too varied to allow for adequate analysis. In addition, other subgroup analysis by specific type of hernia (PVH or IH) using high quality studies only were not done because of the lack of enough information. Because only 10 RCTs were included in the present meta-analysis, publication bias was not evaluated [26] .
For the primary outcome (incidence of recurrence of PVH and IH), the TSA estimation using a RRR of 61% and a CER proportion of 16% with I 2 of 20%, the accrued information size (1270) was 312% of the estimated RIS (RRR 61% = 407) (Fig 4) . For the secondary outcome (PVH and IH complications-infection+hematoma+seroma) the accrued information size (906) was only 22.4% of the estimated RIS (RRR 31% = 4035). The values of the present meta- analysis and TSA for the primary and secondary outcomes and by subgroups including high quality studies analysis are shown in Table 2 .
Discussion
Our meta-analysis provides robust evidence in favor of the use of a nonabsorbable synthetic mesh in surgical repair of PVH and IH for the prevention of hernia recurrence. A 61% reduction of the incidence of global recurrence was found. The estimated accrued information size of 407 patients was exceeded by 1270, which was the number of patients included in the metaanalysis. In relation to secondary outcomes and when all complication events were grouped, placement of a mesh for PVH and IH repair did not increase significantly the incidence of wound infection, hematoma, and seroma, although in this case the number of patients analyzed was only 22.4% of RIS. On the other hand, meta-analysis and TSA by subgroups (i.e. PVH and IH) confirms the robust efficacy of a mesh for the prevention of hernia recurrence with 87% and 56% of reduction in hernia recurrence for PVH and IH respectively. Interestingly PVH repair complications (separately or grouped) did not show any difference between mesh and suture although the number of patients analyzed was only 7.7% of RIS. However, IH repair with mesh was related with an increased incidence in complications, grouped or separately (i.e. seroma) with an accrued information size of 209% of RIS. The framework and recommendations for surgical innovation of a medical device could be based on the IDEAL recommendations (Idea, Development, Exploration, Assessment and Long Term Study) [27, 28] . This rational approach for evaluating the use of medical devices includes first, the idea where proof of concept is the key purpose; second, development and exploration of safety; third, assessment of comparative efficacy; and fourth, long-term monitoring of effects. The present meta-analysis would be included in the third stage and demonstrates the efficacy of a mesh in PVH and IH repair to reduce the incidence of recurrence. The evidence is firm because TSA estimation shows that the meta-analysis exceeds RIS [29, 30] . However, RCTs included in the meta-analysis reported mid-and short-term results, with long-term results described in only two trials [17, 19] . The long-term effect of mesh insertion on hernia recurrence (minimum 5 years of follow-up and corresponding to the fourth stage of IDEAL recommendations) was evaluated in 2003 in a single population-based study of 10822 Washington state patients [31] . This study showed that cumulative recurrence rates increased lineally over the years for incisional hernia repair with or without synthetic material (mesh). Recently, in 2016, registry-based nationwide data of all elective incisional hernia repairs carried out in Denmark from January 1, 2007, to December 31, 2010 were published [4] . A total of 2876 patients with IH repair with mesh were included. Sutured repair was associated with a higher risk of reoperation for recurrence over 5 years compared with mesh repair. Long-term studies may suggest that prosthetic meshes may only delay for years the development of recurrent hernia and its use would only be a palliative treatment of a complex disease [1] . The use of mesh in PVH and IH repair has shown an indisputable positive benefit on daily living of many patients, and because mesh implantation in the mid-and short-term is more effective than suture, as confirmed in our meta-analysis and subgroups analysis, we believe that this surgical approach (i.e. mesh) should continue to be used. It is probable that only a full knowledge and understanding of the biologic process that determines the appearance of a PVH or IH would be the answer for establishing the most appropriate surgical treatment.
Postoperative complications are also a key aspect in the analysis of results of the use of nonabsorbable synthetic meshes. Our meta-analysis of grouped complications (wound infection, hematoma, and seroma) based on all papers included did not show significant differences between mesh and suture groups. Additionally, for this general group the accrued information size of TSA should be at least 4035 patients to obtain reliable conclusions for this outcome and patients of studies included in the meta-analysis accounted for only 22.4% of the information size. After subgroup analysis mesh associated complications were only confirmed for IH, matching data of registers from this type of hernia [4] and for IH the accrued information size of TSA was enough (209% of the information size) suggesting a firm evidence that complications of IH are not interchangeable with PVH complications as a procedure point of view. Postoperative seroma was associated with IH surgery and is a common complication [32] and different factors may contribute to seroma formation, including foreign body reaction to meshes [33] . However, the vast majority of seromas do not exhibit clinical repercussion and are resorbed without sequelae, and only a small percentage of cases require some intervention [34] . Regarding PVH complications did not show any difference between mesh and suture nevertheless the accrued information size of TSA should be at least 5,497 patients (accrued information size only 7.7% of the information size) to obtain reliable conclusions. Accordingly, evidence regarding mesh-related complication in the short-, mid-, and long-term is inconclusive, although only 2 of the 9 RCTs had a long follow-up of 64 and 75-81 months, respectively [17, 19] .
The analysis regarding only high quality studies confirmed the efficacy of mesh in reducing recurrence of hernia, with a robust evidence, since the accrued information size of TSA was enough (289.6% of the information size), suggesting that low quality studies excluded from this analyses did not overestimated the effect. However, the analysis of high quality studies in relation to complications did not show significant differences between mesh and suture groups and the accrued information size of TSA should be at least 1034802 patients (accrued information size only 0.04% of the information size) to obtain reliable conclusions, confirming that data regarding mesh-related complication remain inconclusive.
There are several limitations in our study. First of all, 4 of 10 RCTs included in the study did not report details of randomization and 5 of 10 did not report blinding, suggesting a low quality of trials and difficulties in excluding a performing and selection bias. Secondly, data of the present meta-analysis are only applicable to patients undergoing PVH or IH repair using a nonabsorbable synthetic mesh, so that results cannot be generalized to other types of prosthetic materials such as biologic or absorbable meshes. Thirdly, only two RCTs included [22, 23] were related with emergency condition and contaminated field, so that results are reduced to clean cases and cannot be generalized to emergency and contaminated or clean-contaminated settings because the lack of information. Also, mesh location and hernia characteristics are likely to be confounders but were not analyzed because the data in the studies included did not uniformly reported. Fourth, in the analysis of high quality studies, PVH and IH were clumped with potential bias derived from this limitation. Fifth, because of insufficient information there was no distinction in the analyses between different types of sutures (fast, slow and non-absorbable) and if suture material might affect results. Sixth, because the number of RCTs does not allow adequate assessment of publication bias, it is impossible to determine whether there was an overestimation or underestimation of the beneficial or harmful effect of the intervention due to selective publication of studies. Seventh, other secondary outcomes such as postsurgical pain and quality of life were not analyzed due to the lack of information on these variables. Eighth, mesh related complications were mostly evaluated in short run follow-up and poorly defined and a subset of patient reported outcomes measures (PROMS) was not used.
This meta-analysis has also strengths. Firstly, despite clinical heterogeneity secondary to intrinsic differences of patients and treatments and methodologic heterogeneity (i.e. control of bias), the efficacy of mesh to reduce recurrent hernia was consistent in all studies, as shown by a low statistical heterogeneity (I 2 = 20%). After subgroup analysis this heterogeneity remained lower or non-existent (26% for IH and 0% for PVH). Also in the analysis of complications heterogeneity was lower or non-existent. The statistical homogeneity of studies included in the meta-analysis reinforces the validity of results [14] . Secondly, the "information size" (i.e. number of trial participants needed for a reliable meta-analysis) should be at least as large as for an appropriately powered trial [9] to reach firm evidence. An "information size" estimate (based on plausible treatment effects) should be done as part of the protocol for a meta-analysis [8] . The use of TSA for calculation of an estimate RIS helps in the objective of deciding whether the benefits or risks of placing a mesh in the repair of a PVH or IH are derived from evidence firm enough to be accepted or rejected. After estimate of TSA, this meta-analysis shows firm evidence of the efficacy of mesh for preventing hernia recurrence. However, in relation to complications either for the general analysis, PVH and IH subgroups or high quality studies, a sufficient information size for all cases is lacking or an adequate calculation cannot be performed and, therefore, it is not possible to estimate whether the number of patients included is sufficient to evaluate potential mesh-related complications conclusively. Additional RCTs of high quality specifically analyzing separately the subgroups of IH, PVH, different types of meshes, or clean versus contaminated surgical fields are needed.
Conclusion
The use of a nonabsorbable synthetic mesh in clean elective PVH or clean elective IH repair shows an advantage over simple suture to reduce the short-and mid-term risk of recurrent hernia. However, evidence regarding postoperative mesh-related complications remains inconclusive.
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